Introduction
Members of the transforming growth factor-b (TGF-b) superfamily potently inhibit the proliferation of many types of cells Massague et al., 2000; Wrana and Attisano, 2000) . TGF-b binds the cell-surface types I and II receptors, both of which are serine/threonine protein kinases. Upon binding TGF-b, the type II receptor phosphorylates the type I receptor. The Smad anchor for receptor activation (SARA), a membrane-associating protein, escorts unphosphorylated Smad2 and Smad3 to the receptor (Tsukazaki et al., 1998) , which in turn phosphorylates these Smad proteins. On the other hand, caveolin-1, a protein associating with caveolae, downregulates TGF-b signaling by interacting with the type I receptor (Razani et al., 2001) . The TGF-b type III receptor also facilitates TGF-b signaling, which is regulated by a PDZ domaincontaining protein (Wang et al., 1991; Blobe et al., 2001) . The phosphorylated Smad2 and Smad3 proteins associate with Smad4 and enter the nucleus; together with other transcription factors, they activate transcription of various target genes (Lagna et al., 1996; Zhang et al., 1996; Liu et al., 1997b; Derynck et al., 1998) , leading to cell cycle arrest at the G1 phase.
Since Smad3 and Smad4 bind to only four base pairs of DNA sequence, AGAC or GTCT (Shi et al., 1998; Zawel et al., 1998) , they usually cooperate with other transcription factors to increase their specificity in the regulation of gene expression Massague et al., 2000) . For example, activated Smad2 and Smad4 interact with FAST1 to turn on the transcription of a developmentally regulated gene, Mix.2 (Chen et al., 1996) . Smad3 and Smad4 also interact with the AP-1 complex to activate gene transcription Liberati et al., 1999) . They associate with TFE3, a basic helix-loop-helix transcription factor, and Sp1, a zinc finger-containing transcription factor, to activate transcription of the gene for plasminogen activator inhibitor type 1 (Hua et al., 1998; Datta et al., 2000) . Activated Smad2 and Smad3 interact with Sp1 to activate transcription of cyclindependent kinase inhibitors including p15 ink4b (Hannon and Beach, 1994; Li et al., 1995; Moustakas and Kardassis, 1998; Feng et al., 2000) . Many other transcription factors, such as Evi-1, vitamin D 3 receptor, androgen receptor, BF-1, and c-Myc, have been shown to interact with Smad proteins to regulate the Smads' activity and enhance their specificity (Kurokawa et al., 1998; Yanagisawa et al., 1999; Hayes et al., 2001; Chipuk et al., 2002; Feng et al., 2002; Ten Dijke et al., 2002) . Moreover, various transcriptional coactivators and corepressors, including p300 and Ski/Sno, interact with Smad proteins to further regulate the activity of Smad proteins Janknecht et al., 1998; Pouponnot et al., 1998; Shen et al., 1998; Luo et al., 1999; Sun et al., 1999; Kim et al., 2000) .
A critical role for TGF-b in the suppression of tumorigenesis has been well documented. In colon cancer with microsatellite instability, mutations in the type II receptor gene are frequently detected (Markowitz et al., 1995) . Mutations in the Smad2 and Smad4 genes have also been identified in human colorectal cancer cells (Eppert et al., 1996) . The Smad4 (DPC4) gene is frequently mutated in pancreatic cancer (Hahn et al., 1996) . Mice with targeted disruption of the Smad3 gene develop multiple colon cancers Datto et al., 1999; Yang et al., 1999) . Moreover, compound mutations in the Smad4 gene and the tumor suppressor gene APC also lead to colon cancer in mice (Takaku et al., 1998) . Recently, the Smad4 gene has been reported to be mutated in human acute promyelocytic leukemia (APL) cells (Imai et al., 2001) . AML1/ETO, a chimeric transcription factor involved in acute myelogenous leukemia, was shown to interact with Smad3 and to attenuate TGF-b-induced transcription (Jakubowiak et al., 2000) . Together, these results clearly suggest a critical role for the TGF-b pathway in suppressing tumorigenesis.
Retinoic acid receptor a (RARa) is a transcription factor that is activated by binding to retinoic acid (RA). RARa usually forms a dimer with retinoid X receptor (RXR), and the resulting complex binds to the promoter of its target genes, leading to their transcription in the presence of RA (Mangelsdorf and Evans, 1995) . Translocations of the RARa gene, which usually involve the formation of a fusion protein between RARa and other proteins due to chromosomal translocations, are usually associated with APL (Look, 1997; Slack, 1999; Pandolfi, 2001) . PML-RARa and PLZF-RARa are two commonly identified fusion proteins in acute promyelocytic leukemia (APL) (Look, 1997; Pandolfi, 2001) . Although oncogenic PLZF-RARa is able to bind RA as well as the DNA sequence that is normally recognized by RARa, it actively inhibits the transcription of the target genes of the normal RARa. The PLZF portion of the PLZF-RARa fusion protein has been shown to interact with transcriptional corepressors including NCoR/SMRT, mSin3, and histone deacetylase Grignani et al., 1998; Guidez et al., 1998; He et al., 1998; Lin et al., 1998) . RA also inhibits proliferation of cervical cancer cells and some lung cancer cells (Meyskens and Manetta, 1995) , while the RARb gene is often silenced by methylation of its promoter DNA in RA-resistant lung cancer cell lines (Geradts et al., 1993; Virmani et al., 2000) .
Cooperation between TGF-b and RA has been reported to occur in both physiological and pathological contexts (Roberts and Sporn, 1992; Dickens and Colletta, 1993) . For example, TGF-b and RA together inhibit growth of retinal pigment epithelial cells (Kishi et al., 2001) , bone marrow progenitor cells (Lardon et al., 1996) , and human breast cancer cells (Valette and Botanch, 1990) . On the other hand, they can also cooperate to induce fibrosis from hepatic stellate cells by enhancing the synthesis of procollagen (Okuno et al., , 2002 . RA induces activation of latent TGF-b and enhances expression of TGF-b and its receptor (Glick et al., 1989; Falk et al., 1991; Batova et al., 1992; Morales and Roberts, 1992; Kojima and Rifkin, 1993; Danielpour, 1996; Han et al., 1997; Imai et al., 1997) . Thus, a prevalent model for the relationship between RA and TGF-b is that RA increases production of active TGF-b and its receptors, leading to growth inhibition. Supporting this hypothesis, neutralizing antibodies against TGF-b can block RA-induced growth inhibition of several types of cells, including keratinocytes and human U937 leukemic cells (Nunes et al., 1996; Defacque et al., 1999; Borger et al., 2000) . However, it is unclear whether there are any intracellular interactions between TGF-b and RA pathways.
Through a functional cloning strategy using a retroviral cDNA library, we found that the fusion between gag and RXRb was responsible for resistance to TGF-binduced growth inhibition in mink lung epithelial cells. We also show that PLZF-RARa fusion protein mimics the properties of gag-RXRb and thus antagonizes TGFb-induced growth inhibition. Moreover, TGF-b and RA cooperate at an intracellular level to inhibit growth of mink lung epithelial cells as well as induce transcription of p15
INK4b , while expression of PLZF-RARa attenuates TGF-b-induced expression of p15
INK4b
. Together, these findings suggest that TGF-b and RA normally cooperate to inhibit cell proliferation and that expression of PLZF-RARa leads to resistance to TGF-b-induced growth inhibition.
Results

Expression cloning of RXRb from cells that are resistant to TGF-b-induced growth inhibition
To identify novel components in the TGF-b signal transduction pathway, we utilized a retrovirus-mediated expression cloning strategy to isolate cDNAs whose overexpression leads to resistance to TGF-b-induced growth inhibition. To this end, we made a retroviral cDNA library with mRNA from mink lung epithelial cells and infected 10 7 ML-ER5 cells, the MvlLu cells expressing a murine retrovirus ectopic receptor, with a retroviral cDNA library, and then subjected the infected cells to TGF-b selection. We isolated 10 cell clones that were resistant to TGF-b-induced growth inhibition. From the genomic DNA of the first TGF-b-resistant clone, the retrovirus-transduced cDNA was identified by polymerase chain reaction (PCR) amplification, which was the cDNA for the TGF-b type II receptor. Further sequence analysis revealed that the type II receptor cDNA stops after the transmembrane domain (at amino acid 261) and thus lacks the essential serine/threonine kinase domain (data not shown), a well-known dominant negative form of the receptor (Bottinger et al., 1997) . These initial results suggested that the expression cloning approach was able to isolate components that actively participate in TGF-b signal transduction.
RXRb, a partner for RAR, was isolated from two independent TGF-b-resistant cell clones. Figure 1a shows that these two cell clones, clones 5 and 19, were independently infected by recombinant retroviruses carrying the RXRb cDNA, since cell clone 5, but not clone 19, harbors an additional retrovirus-transduced cDNA ( Figure 1a) . The coding sequence of the mink RXRb (m-RXRb) cDNA was sequenced, and the results show that mink RXRb has high homology to human and mouse RXRb, 98.7 and 97.5%, respectively (data not shown). The DNA sequences from cell clones 5 and 19 are identical, with both lacking the first seven aminoacid residues.
Next, we sought to confirm that the PCR-amplified RXRb, when inserted into a retroviral vector, was indeed able to cause resistance to TGF-b-induced growth inhibition. To this end, ML-ER5 cells were infected with either control viruses or viruses carrying the RXRb cDNA (from clone 19), and then subjected to TGF-b selection, followed by crystal violet staining for viable cells. Figure 1b shows that ML-ER5 cells infected with control viruses did not survive the TGF-b selection, but cells infected with viruses carrying the RXRb cDNA were resistant to TGF-b.
Fusion of retroviral gag and RXRb is essential for resistance to TGF-b-induced growth inhibition Since RXRb dimerizes with RAR to regulate gene transcription and inhibit cell proliferation (Dragnev et al., 2001) , it is paradoxical that the expression of RXRb causes resistance to TGF-b. Analysis of the cloned RXRb DNA sequence revealed that the eighth codon of the mink RXRb was fused in frame to the retroviral gag sequence that is important for packaging of retroviral particles. Thus, we suspected that the recombinant retrovirus carrying the RXRb sequence generated a gag-RXRb fusion protein in cells and that this fusion protein might act as a dominant negative mutant, causing resistance to TGF-b-mediated growth inhibition in cells. To test this hypothesis, we epitopetagged the NH 2 -terminus of the retroviral gag sequence in the retroviral vector and the NH 2 -terminus of the RXRb sequence (Figure 2a, left panel) . Subsequently, the two constructs, Myc-gag-RXRb and Myc-RXRb, were transfected into human 293 cell-derived E-NX cells, followed by immunoblotting analysis with an antiMyc antibody. Figure 2a To test whether the fusion of gag and RXRb or the lack of the first seven amino-acid residues of the mink RXRb causes resistance to TGF-b-induced growth inhibition, we generated the following various constructs that should affect the formation of the gag-RXRb fusion protein as indicated in Figure 2b: (1) insertion of one nucleotide, two nucleotides, or three nucleotides between the gag and the RXRb sequences in a retroviral vector, (2) insertion of a three-nucleotide stop codon, (3) fusion of an initial ATG codon to the eighth amino-acid residue of the MRXRb (Figure 2b ). The prediction was that all these insertions, except for TAC, would abrogate formation of the gag-RXRb fusion protein. In contrast, insertion of the three nucleotides TAC, a codon for tyrosine, would generate a gag-RXRb fusion protein with one additional amino-acid residue. The above constructs, as shown in Figure 2b , were individually transfected into E-NX cells and the expression of gag-RXRb in transfected cells was analysed by immunoblotting analysis using an anti-RXRb antibody. Figure 2c shows that, as expected, only the constructs for gag-RXRb and gag+3-RXRb generated the gag-RXRb fusion protein (lanes 2 and 5), and all of the other constructs with insertions failed to generate any fusion protein (lanes 3, 4, and 6). M-RXRb was also expressed at a The resulting recombinant retroviruses, as indicated in Figure 2b , were used to infect ML-ER5 cells, and the infected cells were subjected to selection by TGF-b, followed by crystal violet staining for living cells. Figure 2d clearly shows that only gag-RXRb and gag+3-RXRb, but not the other constructs that fail to generate gag-RXRb fusion protein, cause resistance to TGF-b-induced growth inhibition. These results strongly suggest that it is the gag-RXRb fusion protein, but neither M-RXRb nor gag alone, that causes resistance to TGF-b-induced growth inhibition.
To quantitatively confirm resistance to TGF-b conferred by gag-RXRb, an individual cell subclone expressing gag-RXRb and the pooled gag-RXRbexpressing cells were treated with various concentrations of TGF-b before counting cell numbers. Figure 3a shows that TGF-b at a concentration of 20 pm potently inhibits growth of control cells by 90%; in contrast, Gag-RXRb confers resistance to RA-induced growth inhibition but does not enhance proliferation of the cells Since RXRb is a partner for RAR, we determined if cells expressing gag-RXRb are also resistant to RA-induced inhibition of cell growth. Cells infected with either control viruses or viruses carrying gag-RXRb were treated with increasing concentrations of RA (Figure 3b ) and were counted after 4 days of culture. The results show that RA suppresses growth of normal cells but fails to inhibit growth of cells expressing gag-RXRb (Figure 3b ). These results indicate that gag-RXRb not only blocks TGF-b-induced growth inhibition but also causes resistance to RA-mediated growth inhibition. Control cells and cells expressing gag-RXRb proliferate at a similar rate at various serum concentrations (Figure 3c ). These results suggest that gag-RXRb does not enhance the rate of cell proliferation, but rather blocks TGF-b-or RA-induced growth inhibition.
PLZF-RARa fusion protein inhibits TGF-b-induced growth inhibition
While gag-RXRb is an artificial fusion protein, the partner of RXRb, RARa, is well known to be fused to other genes in human leukemic cells because of chromosomal translocations. Two of these oncogenic fusion proteins, PML-RARa and PLZF-RARa, have been reported to play an important role in the development of human APL (Look, 1997; Slack, 1999; Pandolfi, 2001) . Although RARa and RXRb are different genes, they do interact with each other and form a heterodimer that mediates RA-triggered gene transcription (Mangelsdorf and Evans, 1995) . It is thus possible that PML-RARa and PLZF-RARa mimic the role of gag-RXRb and also cause resistance to TGF-binduced growth inhibition in mink lung epithelial cells. To test this hypothesis, we generated retroviral constructs that express each of the following proteins: RARa, truncated RARa (T-RARa), PML-RARa, and PLZFRARa (Figure 4a ). The expression of these proteins was confirmed by transient transfection of E-NX cells and subsequent immunoblotting analysis for RARa (Figure 4b Control cells and a representative cell clone or pooled clones expressing gag-RXRb were plated on six-well plates (5 Â 10 4 cells/ well) on day 0. On day 1, TGF-b at the indicated concentrations was added to each well, and the cells were further cultured for 5 days before harvesting for counting with a Coulter automatic counter. This is a representative of three independent experiments. (b) Resistance of ML-ER5 cells expressing gag-RXRb to RA. A pool of ML-ER5 cells infected with control retroviruses (control cells) and a pool of ML-ER5 cells infected with gag-RXRb viruses were seeded in six-well plates at 5 Â 10 4 cells/well on day 0. On day 1, RA was added to each well at the indicated concentrations. On day 3, freshly made RA was added to corresponding wells. Cells were harvested on day 5 for counting. This is a representative of three independent experiments. (c) The cells were set up in 96-well plates (5000 cells/well) on day 0, and a medium with various concentrations of FBS was added to the cells to achieve indicated concentrations of FBS on day 1. On day 3, cells were pulsed by addition of 1 mCi (20 ml)/well of 
Fusion of PLZF and RARa is essential for resistance to TGF-b-induced growth inhibition
To test if the fusion of PLZF and RARa, like gagRXRb, is essential for resistance to TGF-b, we generated various retroviral constructs that express the following proteins: PLZF-RARa, T-PLZF-RARa (with the POZ and proline-rich regions in PLZF truncated), PLZF and T-RARa (Figure 5a ). Expression of these proteins with the predicted size was confirmed by Western blot analysis of transfected cells (Figure 5b ). The resulting recombinant retroviruses, as indicated in Figure 5a , were used to infect ML-ER5 cells, followed by TGF-b selection and crystal violet staining for living cells. Figure 5c shows that only PLZF-RARa, but not T-PLZF-RARa, PLZF or T-RARa, renders cells resistant to TGF-b. These results suggest that the fusion between PLZF and RARa is essential for resistance to TGF-b, and the POZ domain and the proline-rich region in PLZF play an important role in causing cells to be resistant to TGF-b. RA induces growth inhibition in a variety of cells by inducing production of active TGF-b, leading to growth inhibition (Roberts and Sporn, 1992; Nunes et al., 1996; Defacque et al., 1999; Borger et al., 2000) . p15
ink4b is an inhibitor of cyclin-dependent kinase 4/6 (CDK4/6) and is potently induced by TGF-b (Hannon and Beach, 1994) , but it is not clear whether this gene is also induced by RA. We tested whether TGF-b and RA cooperatively induce transcription of various growth-inhibiting genes including p15 ink4b ( Figure 6b ) and found that TGF-b alone induces transcription of p15 ink4b , which peaks 5 h after stimulation (Figure 4b , lane 4), consistent with previous reports (Hannon and Beach, 1994) . RA also stimulates transcription of p15 ink4b , which peaks 2 h after stimulation (lane 7), albeit to a lesser extent compared to the induction by TGF-b. Stimulation of the mink lung cells with both TGF-b and RA cooperatively induces transcription of p15 ink4b , which peaks at 5 h after the costimulation (lane 12). Since RA only modestly induces p15 ink4b , it may mainly potentiate TGF-b-mediated induction of the p15 ink4b gene. Together, these results suggest that TGF-b and RA induce growth inhibition of mink lung epithelial cells in part through induction of p15 ink4b transcription.
Expression of PLZF-RARa represses induction of transcription by TGF-b
Since PLZF-RARa antagonizes TGF-b-induced growth inhibition, we examined whether PLZF-RARa affects the TGF-b-induced translocation of Smad2/Smad3 into the nucleus. ML-ER5 control cells or the cells expressing PLZF-RARa were treated with or without TGF-b, and the resulting nuclear extracts were immunoblotted using (Figure 7a) . A synthetic promoter with two RA response elements (RAREs) and two Smad binding elements (SBEs) was used to drive the expression of a luciferase reporter gene (pRS-Luc) (Figure 7b ). HepG2 cells were cotransfected with pRS-Luc and a control vector or PLZF-RARa, and the transfected cells were induced with TGF-b and/or RA, followed by luciferase assays. Figure 7b shows that TGF-b and RA cooperatively induce expression of the pRS-Luc reporter gene while PLZF-RARa suppresses the TGF-b-induced transcription. Together, these results suggest that PLZF-RARa does not block TGF-b-induced translocation of Smad2/Smad3, but rather antagonizes a step of TGF-b-regulated transcription.
Expression of PLZF-RARa attenuates TGF-b-induced expression of p15 INK4b
Since TGF-b induces transcription of p15 ink4b (Hannon and Beach, 1994) , we examined the effect of expression of PLZF-RARa on the TGF-b-mediated regulation of the p15
INK4b gene by Northern blot analysis. The results show that TGF-b induced accumulation of the p15 INK4b mRNA in control cells (Figure 8, top panel, lanes 1-4) .
In contrast, induction of the p15
INK4b mRNA diminishes by 50% in the cells expressing PLZF-RARa at a concentration of 40 pm of TGF-b (Figure 8, lanes 3 and  7) . At a concentration of 200 pm TGF-b, PLZF-RARa . (a) On day 0, ML-ER5 cells infected with control viruses were seeded in 96-well plates at 5 Â 10 3 cells/200 ml medium/well. TGF-b (2 ml in normal medium), RA (2 ml diluted in normal medium), or both were added to each well to achieve final concentrations of 2 pm and 10 À8 m, respectively. RA was initially dissolved in ethanol. Determination of 3 Hthymidine incorporation was performed as described in Experimental procedures. The difference in 3 H-thymidine incorporation is highly significant according to Student's t-test between the TGFb+RA-treated cells and the control cells (P ¼ 0.002), between the TGF-b +RA-treated cells and TGF-b-treated cells (P ¼ 0.0004), and between the TGF-b+RA-treated cells and RA-treated cells (P ¼ 0.003). This is a representative of three independent experiments. (b) Cooperation in induction of p15 ink4b by TGF-b and RA in lung epithelial cells. On day 0, ML-ER5 cells were seeded in 150 mm dishes (7 Â 10 6 cells per dish). On day 1, TGF-b (200 pm), RA (10 mm), or both were added to each dish in a staggering manner, and further incubated for the indicated periods of time. After treatment, the cells were harvested for RNA preparation. RNA (33 mg per lane) was loaded into each lane, and the blot was probed with a fragment of cDNA for p15 ink4b . The middle panel is the membrane hybridized to the GAPDH probe. In the bottom panel, the signals for p15 ink4b and GAPDH were quantitated using the NIH Image software, and the values are the ratio of the p15 ink4b signal and the GAPDH signal. This is a representative of two independent experiments PLZF-RARa antagonizes TGF-b-induced growth inhibition P La et al reduces the level of the p15 ink4b mRNA by 40% (lanes 4 and 8). The signal of GAPDH (for loading control) (middle panel) and the normalized p15
INK4b signal (bottom panel) are also shown in Figure 8 . Together, these results suggest that PLZF-RARa represses TGFb-induced transcription of the p15 ink4b gene.
Smad proteins interact with RARa and PLZF-RARa
We examined the possible association between Smad3 and RARa or PLZF-RARa, and whether the interaction is regulated by TGF-b-induced phosphorylation of Smad3. Human 293 cells were transfected with cDNAs for RARa or PLZF-RARa together with the Flag epitope-tagged Smad3. Constitutively active TGF-b type I receptor, TbRI-T204D, was also included in some transfections because it is well known to actively phosphorylate Smad2 and Smad3 proteins, mimicking the function of TGF-b. Cell lysates from transfected cells were incubated with agarose beads conjugated with anti-Flag epitope antibodies. Flag-tagged Smad3 and its associated proteins were immunoprecipitated with the conjugated agarose beads, separated on a polyacrylamide gel, and immunoblotted with an anti-RARa However, it cannot be ruled out that the constitutively active type I receptor also induces secretion of other factors that may ultimately modulate TGF-b-regulated interaction between Smad3 and RARa or PLZFRARa, as a recent report has shown that TGF-b induces secretion of fibulin 5, which regulates several TGF-b-regulated biological activities (Schiemann et al., 2002) .
Discussion
In screening for cDNAs whose expression causes resistance to TGF-b-induced growth inhibition, gagRXRb was identified as a fusion protein that antagonizes TGF-b-induced inhibition of cell proliferation (Figure 3) . A naturally occurring oncogene, v-ERBA, is also a product of the fusion between the retroviral gag protein and the chicken thyroid hormone receptor. v-ERBA inhibits the transcriptional activation by normal thyroid hormone receptors and transforms hematopoietic and nonhematopoietic cells (Thormeyer and Baniahmad, 1999) . Thus, fusion with gag sequence may be an effective way to subvert the function of some steroid hormone receptors. Although gag-RXRb is an artificial fusion protein, a partner of RXRb, RARa, is a portion of several naturally occurring oncogenic fusion proteins such as PML-RARa and PLZF-RARa. These fusion proteins are formed because of chromosomal translocations and induce APL (Look, 1997; Slack, 1999; Pandolfi, 2001 ). The observations on gag-RXRb prompted us to examine whether oncogenic PML-RARa and PLZF-RARa also cause resistance to TGF-binduced inhibition of cell growth. Notably, the results demonstrate that both PML-RARa and PLZF-RARa indeed antagonize TGF-b-induced growth inhibition in mink lung epithelial cells (Figure 4) .
Although previous reports have shown that PLZFRARa inhibits RA signaling by blocking the RAR-mediated transcriptional activation (Slack, 1999; Pandolfi, 2001) , the current studies demonstrate that PLZF-RARa compromises TGF-b-induced growth inhibition. PLZF-RARa does not block TGF-b-induced translocation of Smad2 and Smad3 into the nucleus (Figure 7a ), but rather inhibits TGF-b-induced expression of a reporter gene (Figure 7b) as well as the endogenous p15 ink4b gene (Figure 8 ). These results suggest that PLZF-RARa antagonizes TGF-b signaling at a step of the TGF-b-induced gene transcription downstream of Smad signaling, but not the TGF-binduced nuclear translocation of Smad proteins.
Fusion between PLZF and RARa is essential for PLZF-RARa in antagonizing TGF-b signaling ( Figure 5 ). It has previously been reported that PLZFRARa binds RAREs and recruits transcriptional repressors including N-Cor/SMRT, mSin3, and histone deacetylases leading to inhibition of gene transcription (Slack, 1999) . Since PLZF and RARa each contain a domain binding these repressors, a fusion between these two proteins may generate a protein with more repressor-binding domains and thus enhanced strength Figure 9 Interaction between Smad3 and RARa or PLZF-RARa in cells. On day 0, 293 cells were seeded at a density of 2 10 6 cells/ 60 mm dish. On day 1, cells were transfected, as described in Materials and methods,with 2.5 mg of Flag epitope-tagged Smad3 (Hua et al., 1998) and 2.5 mg of RARa (pEXL-RARa) or PLZFRARa (pEXL-PLZF-RARa), with or without a constitutively active TGF-b type I receptor, T204D (1.0 mg), as indicated. The total amount of DNA for transfection per dish was adjusted to 6.0 mg with pcDNA3. Transfected cells were switched to fresh medium on day 2 and harvested on day 3. Cell lysates were prepared, and used for immunoprecipitation as described in Materials and methods. The Smad3-associated proteins on the M2 beads conjugated with an anti-Flag antibody (Sigma) were separated on 8% SDS-PAGE gels, and blotted with an anti-RARa polyclonal antibody (Oncogene Research Products, PC92L) as described in Materials and methods. The exposure time for the top panel was 20 s. To confirm that the expression of RARa, PLZFRARa, and Smad3 is as expected, 25 mg of proteins from each group of transfected cells were separated by SDS-PAGE, and detected by an anti-RARa antibody (middle panel), or by an antiFlag antibody (bottom panel). This is a representative of two independent experiments PLZF-RARa antagonizes TGF-b-induced growth inhibition P La et al in repressing gene transcription (Slack, 1999) . Coupled with the result that PLZF-RARa selectively interacts with activated Smad3 (Figure 9 ), it is possible that PLZF-RARa may actively recruit transcriptional corepressors to repress growth-inhibiting genes that are normally induced by Smad proteins and RAR. Hence, the current findings suggest that PLZF-RARa may induce APL (Ruthardt et al., 1997; He et al., 2000) because of resistance not only to RA but also to TGF-b-induced growth inhibition, providing a novel mechanism of tumorigenesis mediated by PLZFRARa. It has previously been reported that TGF-b and RA can cooperate to inhibit cell proliferation (Roberts and Sporn, 1992; Dickens and Colletta, 1993) . The prevalent model suggests that RA inhibits a variety of cells partly by stimulating the production of active TGF-b (Nunes et al., 1996; Defacque et al., 1999; Borger et al., 2000) , since a neutralizing anti-TGF-b antibody blocks RA's ability to inhibit cell growth. However, since TGF-b was inactivated by the neutralizing anti-TGF-b antibody in the culture medium in these reports, the possible intracellular cooperation between RA and TGF-b could not be addressed. Our findings that gag-RXRb causes resistance to TGF-b as well as RA raises the possibility of the intracellular cooperation between the downstream signaling components of the TGF-b and RA pathways. Supporting this hypothesis, Smad3 interacts with RARa and PLZF-RARa in a TGF-b-dependent manner (Figure 9 ), and PLZF-RARa inhibits TGF-b-induced transcription of p15 ink4b , likely through transcriptional regulation (Figure 8 ). Together, these data suggest the existence of intracellular cooperation between the TGFb and RA signaling pathways, extending the current model about the interaction between these two pathways.
The current studies have shown that TGF-b and RA cooperatively inhibit proliferation of mink lung epithelial cells (Figure 6a ) and RA markedly potentiates TGFb-induced transcription of p15 ink4b (Figure 6b ). However, it is also likely that other genes in addition to p15 ink4b are also involved in the cooperation between the TGF-b and RA pathways. For example, RA induces ubiquitin-dependent degradation of cyclin D1, a critical component of CDK4/6 that can be repressed by TGF-b signaling, in a carcinoma cell line (Spinella et al., 1999) .
Although TGF-b and RA cooperatively inhibit cell proliferation and gene transcription in the lung epithelial cells, RAR may not be required for TGF-b signaling, but instead, it may potentiate the TGF-b signaling pathway in the presence of RA. It is likely that TGF-b and RA each signal through its own signaling pathway to inhibit cell proliferation. The promoter of some genes may contain both TGF-b and RA response elements and transcription of these genes may be cooperatively induced by TGF-b and RA.
The current studies, beginning from an unexpected finding that the gag-RXRb fusion protein interferes with TGF-b-induced growth inhibition, lead to unraveling the role of PLZF-RARa in resisting TGF-b-induced growth inhibition. These findings not only suggest the existence of intracellular cooperation between the TGFb and RA signaling pathways, but also provide new insights into a likely link between resistance to TGF-b and the development of the PLZF-RARa-induced leukemia.
Materials and methods
Plasmid construction
Standard molecular biology techniques were used as described (Sambrook et al., 1989) . Oligonucleotides were synthesized by Integrated DNA Technologies, Inc. To clone RXRb cDNA into the retroviral vector pMX-Puro (Onishi et al., 1996) , mink RXRb from TGF-b-resistant clone 19, which lacks the first seven amino-acid residues, was amplified by PCR using pfu polymerase. The amplified RXRb was digested and cloned into the BamHI and NotI site of pMX-Puro to generate pMXRXRb. To prepare constructs expressing myc-tagged RXR-b or gag-RXRb, a pair of oligonucleotides encoding the mycepitope tag was synthesized and inserted into the BamHI and XhoI site of pMX-puro to generate pMyc-MP. Pairs of oligonucleotides were used to amplify RXRb and gag-RXRb by PCR from clone 19, and the PCR products were digested with MluI/XhoI and MluI/NotI, respectively, and then inserted into the corresponding site in pMyc-MP to generate pMycRXRb and pMyc-gag-RXRb, respectively. To construct various insertional mutants of gag-RXRb as indicated in Figure 2b , various oligonucleotides that carry different inserts between the gag and the RXR-b sequences were used to amplify RXRb from clone 19. PCR products were digested with BglII and NotI, and the resulting digested fragments were cloned into the BamHI and NotI site of pMX-Puro to generate the various insertional mutants as shown in Figure 2b . To express RXRb without fusion to gag, an oligonucleotide carrying a stop codon followed by the ATG codon and the eighth amino-acid residue of mink RXRb was used to amplify RXRb from clone 19. The PCR product was then digested with BglII and NotI, and inserted into the BamHI and NotI site of pMX-Puro to generate pM-RXRb.
To express RARa, T-RARa, and PML-RAR in a retroviral vector, pairs of oligonucleotides that correspond to the 5 0 and 3 0 ends of each of the above cDNAs were used to PCR-amplify the above cDNAs from pCMX-RARa, pSG5-RARa, and pSG5-PML-RARa, respectively. The resulting PCR products were digested with BamHI and NotI, and then inserted into the BamHI and NotI site in pMX-Puro to generate the corresponding constructs as indicated in Figure 4a . Additionally, PLZF-RARa was PCR amplified from pcDNA3-PLZF-RARa and then cloned into the MluI-NotI site of pmyc-MP to generate pmyc-PLZF-RARa. To construct pEXL-RARa and pEXL-PLZF-RARa, RARa and PLZF-RARa were released with BamHI and NotI from pRARa and pMyc-PLZF-RARa, and then inserted into the BamHI and NotI sites of pEXL-GFP (Liu et al., 1997a) . To construct pRS-Luc, a pair of oligonucleotides containing two direct repeats of a RARE (AAGGGTTCACCGAAAGTTCACTCGCAT) (Umesono et al., 1991) was inserted into the EcoRI/KpnI site of a modified pE2.1-Luc (Hua et al., 1999) . Thus, pRS-Luc contains a synthetic promoter that consists of two direct repeats of a RARE and two repeats of a Smad binding element. All of the above constructs were sequenced to verify the junction and mutation, and two independent clones were routinely tested in each experiment. Additionally, PLZF-RARa, T-PLZF-RARa, PLZF, and T-RARa were PCR-amplified from pcDNA3-PLZF-RARa and then cloned into the MluI-NotI site of pMyc-MP to generate the constructs with a c-myc epitope as indicated in Figure 5a .
Tissue culture
Mink lung epithelial cells (MvlLu from ATCC) and their derivative cells were cultured in MEM supplemented with 10% fetal bovine serum, 1% MEM nonessential amino-acid mixture, 100 U/ml penicillin and 100 mg/ml streptomycin. To generate a mink lung epithelial cell line that could be infected by murine Moloney leukemia retroviruses, the cDNA for the ecotropic receptor for murine Moloney leukemia retrovirus was transfected into MvlLu cells. The resulting cells, ML-ER5, were able to be infected efficiently by recombinant retroviruses (Hua et al., 1998) . Human embryonic kidney (HEK) 293 cells, human hepatoma HepG2 cells, and retroviral packaging cells (Bosc23 cells and E-NX cells) were cultured in DMEM containing 10% fetal bovine serum, 100 U/ml penicillin, and 100 mg/ml streptomycin. All of the above cells were cultured in 5% CO 2 at 371C. TGF-b1 was from R&D systems, and all trans-RA was from Sigma and Aldrich, Inc. Treatment of cells with TGF-b and/or RA was accomplished by direct addition to normal medium except for luciferase assays, for which DMEM without any supplements was used.
Construction of retroviral cDNA library, infection of cells, and selection for TGF-b-resistant cells A retroviral cDNA library was made as previously described (Hua et al., 1998) . Briefly, poly (A) + RNA was isolated from MvlLu cells. cDNAs were synthesized from the poly (A) + RNA using the random-primer method, and then cloned into the EcoRI site of the retroviral vector pMX. The resulting cDNA library was introduced into the Bosc23 packaging cell line (Pear et al., 1993) to obtain a high titer retroviral cDNA library.
To select for TGF-b-resistant cell clones, ML-ER5 cells (10 6 cells/150 mm dish) were infected with control or cDNAcarrying recombinant retroviruses (1 : 3 dilution) for 9 h, and then switched to normal medium. After 24 h, infected cells were subjected to selection with 10 pm of TGF-b. On day 12 after infection, TGF-b-resistant clones were isolated and then expanded. The cDNAs responsible for resistance to TGF-b were isolated as previously described (Hua et al., 1998) .
Transfection and luciferase assays
A total of 293 cells, HepG2 cells, and E-NX cells were transfected by the calcium phosphate precipitation method (Sambrook et al., 1989) . For luciferase assays, cells were cotransfected with pCMV-b encoding the lacZ gene (Clontech) as an internal control to normalize the luciferase activity. To transfect HepG2 cells, cells were seeded at a density of 2 Â 10 5 cells per well in 12-well plates unless otherwise stated. On day 1, cells were switched to fresh medium and then transfected by the calcium phosphate precipitation method. After overnight incubation, transfected cells were switched to normal medium. On day 3, cells were switched to serum-free medium, and TGF-b and/or RA was added to the medium. After 24 h of induction, cells were harvested for luciferase and b-galactosidase assays. Both the luciferase and b-galactosidase activities were measured by a TR717 Microplate Luminometer (EG&G Berthold). All luciferase activities were normalized to the b-galactosidase activities and presented as an average of duplicate samples as previously described (Hua et al., 1998) .
H-thymidine into cells was determined using a Model 1450 Microbeta Trillux Scintillation Counter (Wallac).
Northern blot analysis
ML-ER5 cells were seeded in 150 mm dishes at a density of 7 Â 10 6 cells in 20 ml of normal medium. After 48 h, fresh medium was added together with 200 pm TGF-b and/or 10 mM RA at staggered time intervals. Cells were harvested and total RNA was isolated using the cesium chloride centrifugation method (Hua et al., 1996) . RNA (33 mg) was resolved on a 1% agarose gel with formaldehyde (Sambrook et al., 1989) , and then transferred overnight by capillary action to Hybond-N + membrane (Amersham-Pharmacia). A cDNA probe from the 5 0 untranslated region of p15 ink4b was generated by EcoRI digestion of pCRII-p15. The p15 probe was labeled with 32 Pa-dCTP using a Ready-To-Go-DNA Labeling kit (AmershamPharmacia). The probe was hybridized to the membrane in Quik-hyb solution (Stratagene) as instructed by the manufacturer.
Cell fractionation, immunoprecipitation, and immunoblotting
Nuclear extracts from transfected cells were prepared as previously described (Hua et al., 1995) . To prepare whole cell lysate, transfected 293 cells or E-NX cells were harvested and lysed in NP-40 lysis buffer (30 mm Tris, pH 8.0, 100 mm NaCl, 25 mm b-glycerophosphate, 1% NP-40, and fresh protease cocktails from CalbioChem., Inc.). The cells were rotated at 60 r.p.m. at 41C for 2 h. The supernatant (350 ml, 1.25 mg of proteins) from the cell lysates was supplemented with 12% glycerol, and then mixed with 20 ml of equilibrated anti-Flag antibody-conjugated agarose beads (M2 beads, 50% slurry, Sigma Inc.). The cell lysates and M2 beads were rotated at 30 r.p.m. at 4 o C for 4 h. Then the beads were centrifuged and washed 5 times in washing buffer (30 mm Tris, pH 8.0, 150 mm NaCl, 25 mm glycerophosphate, 1% NP-40, and 1x fresh protease inhibitor cocktails from CalbioChem. Inc.). The washed beads and cell lysates were separated on SDS-PAGE, and blotted with the indicated antibodies, and the proteins were detected using enhanced Chemiluminescence reagents from Amersham-Pharmacia, Inc.
